ABSTRACT V921 Scorpii is a close binary system (separation 0.025 ′′ ) showing the B[e]-phenomenon. The system is surrounded by an enigmatic bipolar nebula, which might have been shaped by episodic mass-loss events, possibly triggered by dynamical interactions between the companion and the circumprimary disk (Kraus et al. 2012a) . In this paper, we investigate the spatial structure and kinematics of the circumprimary disk, with the aim to obtain new insights into the still strongly debated evolutionary stage. For this purpose, we combine, for the first time, infrared spectro-interferometry (VLTI/AMBER, λ/∆λ = 12, 000) and spectro-astrometry (VLT/CRIRES, λ/∆λ = 100, 000), which allows us to study the AU-scale distribution of circumstellar gas and dust with an unprecedented velocity resolution of 3 km s −1 . Using a model-independent photocenter analysis technique, we find that the Brγ-line emitting gas rotates in the same plane as the dust disk. We can reproduce the wavelength-differential visibilities and phases and the double-peaked line profile using a Keplerian-rotating disk model. The derived mass of the central star is 5.4 ± 0.4 M ⊙ ·(d/1150pc), which is considerably lower than expected from the spectral classification, suggesting that V921 Sco might be more distant (d ∼ 2 kpc) than commonly assumed. Using the geometric information provided by our Brγ spectro-interferometric data and Paschen, Brackett, and Pfund line decrement measurements in 61 hydrogen recombination line transitions, we derive the density of the line-emitting gas (N e = 2...6×10 19 m −3 ). Given that our measurements can be reproduced with a Keplerian velocity field without outflowing velocity component and the non-detection of age-indicating spectroscopic diagnostics, our study provides new evidence for the pre-main-sequence nature of V921 Sco.
1. INTRODUCTION The class of the B[e] stars comprises some of the most peculiar and mysterious objects of stellar astrophysics. In particular, it has been found that the classdefining characteristics, which include infrared excess and strong permitted and forbidden line emission, are observed in a wide range of evolutionary stages, including stars of pre-main-sequence, post-main-sequence, and unknown nature (unclassified B[e] stars, Lamers et al. 1998 ). An enigmatic member of the latter category is V921 Scorpii (=Hen 3-1300, MWC 865, CD -42
• 11721). Despite more than one hundred studies that have been conducted over the last four decades, the stellar parameters and evolutionary stage of V921 Sco remain strongly debated. These uncertainties arise primarily from problems in distance estimation, where values between 160 pc (Hillenbrand et al. 1992 ) and 2.6 kpc (Shore et al. 1990 ) have been proposed. Furthermore, due to the lack of photospheric lines in the optical spectrum, the existing spectral classifications are based on rather indirect methods, such as photometric modeling or the ionization analysis of circumstellar emission lines. Accordingly, the derived effective temperatures (12,300 K to 31,600 K; Hillenbrand et al. 1992; Cidale et al. 2001 ) and spectral types (Aep to B0[e]p; de Winter Natta et al. 1993 ) exhibit a considerable spread, which prevents a clear Hertzsprung-Russell diagram classification and has lead authors to argue both for an evolved (supergiant; Hutsemekers & van Drom 1990; Borges Fernandes et al. 2007 ) and young (Herbig B[e] ; de Winter The et al. 1994; Benedettini et al. 1998; Habart et al. 2003; Acke et al. 2005; Acke & van den Ancker 2006) object nature.
The aim of this paper is to gain new insights on the astrophysical nature of V921 Sco, and B[e] stars in general, by studying the spatial distribution and kinematics of the circumstellar gas and dust. These constraints will inform us about the disk-formation mechanism (i.e. accretion versus excretion), and, thus, the evolutionary state of V921 Sco. For instance, accretion disks around young stars are believed to exhibit a Keplerian rotation profile, while the radiation-driven winds from evolved stars should exhibit a strong outflowing velocity component (Lamers & Pauldrach 1991) . Given the possible kiloparsec distance of V921 Sco, this task requires both high angular and high spectral resolution, which we achieve in our study by combining, for the first time, two highly complementary techniques, namely spectro-interferometry (VLTI/AMBER, providing mil- liarcsecond angular resolution and spectral resolution R = 12, 000) and spectro-astrometry (VLT/CRIRES, R = 100, 000). From these spatially and spectrally resolved constraints, we derive the gas velocity field on scales down to a few stellar radii.
In a recent study (Kraus et al. 2012a , Paper I), we already obtained milliarcsecond-resolution continuum interferometric images of V921 Sco in three wavelength bands (1.65, 2.0, and 2.3 µm) and discovered a close (separation ρ ∼ 25 milliarcseconds=mas) companion, as well as a continuum-emitting disk with an apparent size of 7.5±0.2 mas (Gaussian FWHM along major axis). In addition, we obtained images of the surrounding large-scale bipolar nebula and detected multi-layered, shell-like substructures that might have been shaped by episodic massloss events. Based on roughly matching timescales between the estimated orbital period and the mass-ejection period, we suggested that the mass-ejection events might be triggered by the newly discovered companion.
For the stellar parameters of V921 Sco, we adopt in this study a luminosity L ⋆ = (10 ± 3) × 10 3 L ⊙ , effective temperature T eff = (14 ± 1) × 10 3 K, a distance of d = 1150 ± 150 pc, A V = 4.8 ± 0.2, and a stellar radius of R ⋆ = 17.3 ± 0.6 R ⊙ (Borges Fernandes et al. 2007 ). The implications of a modified set of fundamental parameters will be discussed in Sect. 5.2.
In the following, we present our spectro-interferometric (Sect. 2.1), spectro-astrometric (Sect. 2.2), and spectroscopic (Sect. 2.3) observations, followed by a discussion and quantitative modeling, both in the continuum (Sect. 3) and the Brγ-line (Sect. 4). Finally, we will interpret our modeling results (Sect. 5) and conclude with a brief summary of our findings (Sect. 6).
OBSERVATIONS 2.1. VLTI/AMBER spectro-interferometry
Infrared interferometers, such as ESO's Very Large Telescope Interferometer (VLTI), coherently combine the light from separate apertures in order to achieve an unprecedented angular resolution of a few milliarcseconds at infrared wavelengths. With a spectral resolving power of up to R = λ/∆λ = 12, 000, these instruments now enable investigations both in the continuum emission and in spatially and spectrally resolved gas-tracing lines. The measured visibility amplitudes, closure phases, and wavelength-differential phases (DPs) provide powerful constraints for model-fitting or can be used for the reconstruction of interferometric images.
First spectro-interferometric observations on V921 Sco using the VLTI near-infrared beam combiner instrument AMBER (Petrov et al. 2007 ) were presented by Kraus et al. (2008b) , Kreplin et al. (2012) , and in Paper I and provided low (LR-HK, R = 35) and medium (MR-K, R = 1500) spectral resolution. Here, we present new observations using AMBER's unique high spectral resolution mode (HR-K, R = 12, 000). The new data sets were obtained on 2010-03-03 and 2010-08-26 using the 8.2 m unit telescopes UT2, UT3, and UT4 and cover a wavelength window around the Brγ 2.16602 µm line.
In order to yield sufficient signal-to-noise ratio (SNR) for our high spectral resolution observations, we employed the FINITO fringe tracker instrument (Gai et al. 2004; Le Bouquin et al. 2008 ). This instrument measures and corrects the atmosphere-induced phase perturbations and allowed us to record the optical path delay (OPD)-stabilized interferograms with a long detector integration time of 3 s. Unfortunately, the tracking performance of FINITO was degraded for the longest baselines due to the low visibility contrast in this baseline regime. Based on the poor SNR, we rejected the visibility measurements for one baseline from 2010-03-03 (UT2-UT4) and two baselines from 2010-08-26 (UT2-UT4, UT3-UT4). The remaining baselines exhibit fringe SNRs up to 3.5, 4.5, and 14, and cover baseline lengths between 36.7 and 84.3 m and PAs between 22 and 292 • (Fig. 1) . The data shows a double-peaked, rising visibility profile in the Brγ-line as well as non-zero DPs (Fig. 2) .
The wavelength calibration was done using atmospheric telluric features close to the Brγ-line and by applying a heliocentric-barycentric system correction with heliocentric velocities of +28.33 km s −1 (2010-03-03) and −27.09 km −1 (2010-08-26), respectively. Each observation on V921 Sco was accompanied by observations on the interferometric calibrator HD 161068, for which we assume a uniform-disk diameter of 1.448 ± 0.019 mas (Mérand et al. 2006) . Both for the science and calibrator star observations, we extract raw visibilities, closure phases, and DPs using the amdlib (V3.0) data reduction software (Tatulli et al. 2007b; Chelli et al. 2009 ).
Due to the influence of residual vibration, it is known that AMBER+FINITO observations with long DIT, such as used for our HR-K mode observations, might result in a poor absolute visiblity calibration, while the wavelength-differential observables are only marginally affected (e.g. Tatulli et al. 2007a) . To recalibrate the absolute continuum visibility level of the HR-K observations, we make use of our earlier LR-HK observations (Paper I) and the best-fit continuum model (Model Fig. 2. -Spectra (top), visibilities (middle), and DPs (bottom) derived from our VLTI/AMBER observations with spectral resolution R = 12, 000 obtained on 2010-03-03 (left) and 2010-08-26 (right). For the DP measurements, we add an arbitrary offset (dashed line) for clarity. DISK), which will be described in more detail in Sect. 3. We investigated the influence of frame selection in the course of our data reduction procedure and find that the wavelength-differential signatures are very robust when selecting, for instance, the 80%, 50%, 20%, or 10% of frames with the best SNR. Given that the statistical noise increases with decreasing frame number and that low-SNR frames are down-weighted during the averaging process in a natural fashion, we decided to employ the observables from the full, unselected data sets for our analysis.
In order to associate the closure phase sign with the on-sky orientation, we use a reference data set 2 on the binary star θ 1 Orionis C (Kraus et al. 2009b) . To calibrate the wavelength-differential phases, we make use of the fact that the continuum photocenter is systematically offset with respect to the Brγ-line emission due to the presence of a close companion star. Using the wellestablished continuum closure phase sign calibration, we first determine the position angle 3 (PA) of the companion star (Sect. 3) and then adjust the DP sign in our spectro-interferometric and spectro-astrometric data in order to match the direction of the continuum photocenter displacement. This procedure calibrates the DP sign unambiguously, and might serve also as a reference for other studies using AMBER's HR-mode. Recently, we employed this calibration in order to determine the rotation sense of the disk around the classical Be star β CMi (Kraus et al. 2012b ). Since β CMi was observed using both AMBER's MR and HR-mode, we can also extend the calibration to AMBER MR-mode observations, which resulted in a recalibration of the ζ Tau rotation sense (Kraus et al. 2012b) compared to earlier studies (Štefl et al. 2009 ).
The statistical error bars on the DPs vary strongly for the different baselines, which is both a result of the low fringe contrast at the longest baselines and of differences in the vibration properties of the UTs. These differences might give overproportional weight to the short baselines in our χ 2 -fitting procesure. Therefore, based on the typical root-mean-square noise in the continuum channels, we include a minimum DP error of 20
• for all baselines in the fitting procedure. Spectro-astrometry uses high signal-to-noise (SNR) long-slit spectra to measure the centroid position of an unresolved object as function of wavelength. Since the centroid position can be measured with much higher precision than the size of the point-spread function (Bailey 1998b) , this method allows one to measure sub-mas photocenter displacements in spectrally resolved emission lines. While the earliest astronomical applications in the field of star formation focused on the detection of close companions (e.g. Bailey 1998a), later studies also successfully applied spectro-astrometry to more general cases, such as outflow signatures (Takami et al. 2003; Whelan et al. 2005) or the characterization of the gas kinematics in protoplanetary disks (Pontoppidan et al. 2011; Goto et al. 2012) .
VLT/CRIRES spectro-astrometry
Our spectro-astrometric observations on V921 Sco were obtained using the VLT near-infrared high-resolution spectrograph CRIRES (Kaeufl et al. 2004 ). The measurements were obtained on 2010-03-04, UT 07:51 to 08:58 using an integration time of 5 s and a slit width of 0.2 ′′ , resulting in a spectral resolution of R = 100, 000. In order to apply the spectro-astrometry technique, we recorded spectra towards three different position angles (55
• , 115
• , 175
• ), and the corresponding anti-parallel position angles (235
• ), complementing the position angles probed by interferometry (Fig. 1) . To maximize the flux in the slit, the spectra were recorded using the STRAP adaptive optics system, resulting in a typical PSF Gaussian FWHM of ∼ 115 mas. The measured spectra were corrected to the heliocentric-barycentric system using a heliocentric velocity of +28.36 km s −1 . The spectra were extracted using the ESO CRIRES data reduction pipeline (version 1.12.0).
Besides the Brγ 2.166078 µm line, which was covered by CRIRES detector #3, our observation also covered the Mg ii 2.137 µm line in detector #1. This line has also been detected in other B[e] stars (Clark et al. 1999) . To compute velocities in the local standard of rest (LSR), we assumed a systemic velocity of v 0 = −20 km s −1 , which we adopt from the forbidden line measurements by Borges Fernandes et al. (2007) .
In order to correct the spectrum for telluric spectral features, we observed the early G-type star Hip84425 and we modeled the intrinsic Brγ-absorption using an infrared solar spectrum recorded with ACE-FTS (Hase et al. 2010 ).
The final spectra are shown in Fig. 3 and reveal a very narrow (FWHM 0.0006560 µm or ≈ 91 km s −1 ) and double-peaked line profile with a very small peak separation of just ∼ 0.000184 µm (∼ 25 km s −1 ). In addition to the Brγ-line spectrum, which will be discussed and modeled in Sect. 4, we have also recorded the Mg ii 2.137 µm line. For the Mg ii-line, the peak separation is significantly wider (∼ 0.000500 µm or 70 km s −1 ), indicating that this line originates at smaller stellocentric radii in the circumstellar environment. This finding is consistent with our non-detection of a spectro-astrometric signal within this line.
To derive the astrometric signal, we compute for each spectral channel v the beam centroid position (Pontoppidan et al. 2011) 
where i defines the size of the virtual aperture (we use ±1 pixel around the center of the PSF) and K is defined as the ratio between the flux in the virtual aperture and the total PSF (∼ 1.5). The astrometric signals are derived for each position angle (X p ) and its anti-parallel counterpart (X a ) and then subtracted in order to remove potential artefacts (Brannigan et al. 2006) :
The interpretation of spectro-astrometric signals is complicated by the fact that this technique measures only the first-order momentum in the brightness distribution (relative position), but is insensitive to higher-order momenta (angular size, asymmetry, kurtosis; see Lachaume 2003) as well as the continuum-emitting geometry, which limits this technique to relatively simple cases or requires additional model assumptions. In this study, we make use of the fact that photocenter displacements measured with spectro-astrometry are mathematically equivalent to the DPs measured in spectro-interferometry, which allows us to directly combine the spectro-interferometric (Visibility, DP, closure phases) and spectro-astrometric observables (photocenter displacements) for quantitative modeling (Sect. 4.2), providing unique constraints on the AU-scale spatial distribution and kinematics of the circumstellar gas and dust. For this purpose, we translate the measured astrometric signal into the equivalent DP using the relation
where σ is the FWHM of the PSF measured in the spectrum (typically ∼ 150 mas). In order to give a similar weight to the AMBER and CRIRES measurements, we assume a minimum DP error of 1 • for our CRIRES DPs.
2.3. Magellan/FIRE near-infared spectroscopy We recorded a high-resolution, high-SNR near-infrared spectrum of V921 Sco using the FIRE Echelle spectrograph (Simcoe et al. 2008 ) mounted at the Magellan/Baade 6.5 m telescope. With a 0.45 ′′ slit, this instrument provides a spectral resolution R = 8000 and a wide wavelength coverage from 0.8 to 2.5 µm. The spectrum was recorded on 2011-03-12 using an A-B-B-A dithering pattern with DITs of 10 s (high gain mode, to obtain high SNR in the z−, and J-band) and 5 s (low gain mode, in order to avoid saturation in the Hand K-band). The slit was oriented along the disk polar axis derived from our interferometric observations (PA=56
• ). To correct for telluric features, we observed the A0V-type standard star HD 122945. The data reduction was performed using the standard FIRE data reduction pipeline developed at MIT, which performs also a spectro-photometric calibration based using the photometry of the standard star. Trying different combinations of target star / standard star data sets, we find that the derived spectral slopes are consistent on the level of a few percent, while the derived absolute flux levels show some larger scatter in the ∼ 5−10% range. In order to improve on the calibration, we fit a fifth-order polynomical in order to extract the spectral slope and then use archival ISO photometry in order to recalibrate the absolute flux at 2.4µm which yields also a satisfying match with 2MASS J-, H-, and K-band photometry (the derived flux densities match within 20%). The derived absolute-calibrated FIRE spectrum is corrected for reddening (A V = 4.8 ± 0.2, Borges Fernandes et al. 2007) using the extinction law from Cardelli et al. (1989, R V = 3.1) .
At the longest wavelengths, the SNR in our final spectrum is reduced compared to the J-and H-band since some of the recorded frames had to be rejected due to saturation in this part of the spectrum. In particular, the saturation occurs in sky lines, resulting in some narrow spikes in the final corrected spectrum.
RESULTS: CONTINUUM GEOMETRY
In the following, we investigate the continuum structure of the circumprimary disks using the VLTI/AMBER low spectral dispersion data presented in Paper I. In this earlier study, the circumprimary disk emission was approximated with a Gaussian brightness distribution (in the following denoted "GAUSS" model), which provided a sufficient representation to extract the astrometric information for the companion star. However, the relatively large χ 2 r -value of 4.30 already indicates that this simple geometry does not provide an appropriate representation of the circumprimary disk structure. Therefore, we consider here a more realistic parameterization for the structure of the circumprimary disk, using a disk temperature-gradient model (in the following denoted "DISK" model).
In the DISK model, the emission extends from an inner truncation radius R in to an outer radius R out and radiates as a black-body with T (r) = T in (r/R in ) −q , where T in denotes the temperature at the inner disk radius and q is the temperature power-law index. In addition, we introduce the inclination angle i and position angle ϕ, which define the projection ratio (cos i = R minor /R major ) and on-sky orientation of the disk major axis. The inclination is measured from the polar axis (i.e. i = 0
• is pole-on). As in our earlier modeling attempts, the DISK model includes the photospheric emission of the primary and secondary star, which are parameterized by the companion separation (ρ) and PA (Θ), the angular extension of the circumsecondary material (given by a Gaussian with FWHM θ B ), and two parameters ( FB Ftot (2 µm), s) to describe the photospheric flux contributions of V921 Sco B to the total flux as function of wavelength:
We employ a Levenberg-Marquardt least square fitting procedure and find the best-fit solution by minimizing the likelihood-estimator χ Given that the absolute calibration of the AM-BER+FINITO HR observations is not very reliable due to the use of long integration times and a potential residual phase jitter, we decided to recalibrate the absolute visibility level using the detailed continuum model discussed in Sect. 3 (Model DISK). Since the HR-data was recorded 2010, we extrapolated the orbital motion of the companion to this later epoch (ρ = 25.41 mas, Θ = 339
• ), but note that the continuum geometry has only a marginal effect on our model-fitting results in the strong Brγ-line of V921 Sco.
The DISK model provides a significant improvement compared to the GAUSS model, which also reflects in an improved χ 2 r -values of 1.86 (versus 4.88) for the 2008 data and 3.02 (versus 3.39) for the 2009 data,respectively. In contrast to the GAUSS model, the DISK model also provides a physically motivated parameterization for the wavelength-dependent changes in the source geometry, allowing us to fit all wavelength channels simultaneously. The resulting best-fit parameters for the various models are listed in Tab. 1. We plot in Fig. 4 the measured observables versus the prediction of the DISK model. Besides the spatially resolved emission around the primary component, we also checked whether the fit results can be improved by including spatially extended emission around the northern (secondary) component, but were not able to find a significant improvement.
4. RESULTS: Brγ-LINE GEOMETRY 4.1. 2-D photocenter analysis For a first, qualitative interpretation (Sect. 4.1) of the gas kinematics, we derive the photocenter displacement of the line-emitting region with respect to the continuum emission using our CRIRES spectro-astrometric data. For this purpose, it is necessary to separate the line The grey model curves correspond to our best-fit temperature gradient disk model (DISK) and were computed for the lower (1.45 µm, dotted line), central (2 µm, dashed line), and upper (2.55 µm, solid line) part of the wavelength range. For clarity, the data points are color-coded according to the wavelength of the corresponding spectral channel (blue: 1.4 ≤ λ < 1.9 µm; green: 1.9 ≤ λ < 2.15 µm; red: 2.15 ≤ λ < 2.5 µm). spectro-astrometric signal from the underlying continuum contributions. To determine the continuum level, we fit a high-order polynomial function X c to the astrometric signal derived from the continuum channels. This function is then subtracted from the astrometric signal in the line channels and weighted by the continuum-to-line flux ratio F c /F l :
The derived photocenter of the line velocity channels is significantly offset with respect to each other (clearly indicating the gas kinematics), and also shows a displacement with respect to the photocenter of the continuum channels (Fig. 6 ). This displacement reflects the fact that the center of gravity of the continuum emission does not coincide with the location of the primary star, but is displaced towards the position of the companion. We calculate the center of gravity both for the line channels and the continuum channels and compute their relative displacement vector v c−l , which is related to the com- 
Based on our continuum model fits from 2008 and 2009 (Tab. 1), we fix ρ = 25.13 mas and then determine the companion position angle Θ and the flux ratio F B /F tot from the CRIRES observations. Applying this procedure yields Θ = 353 ± 9
• (which is in reasonable agreement with the astrometry determined with AMBER, Tab. 1) and F B /F tot = 0.053, which is lower than the flux ratio determined with interferometry for epochs 2008 and 2009, possibly indicating variability.
The photocenters in the blue-and red-shifted line wings are displaced in opposite direction with respect to each other. Also, the highest gas velocities (dark red points and dark blue points in Fig. 6 ) emerge from smaller stellocentric distances than intermediate velocities, which suggests a rotation-dominated velocity profile. From the distribution of the individual photocenter offsets, we derive the disk plane orientation to 153.2 ± 0.6
• . In contrast to CRIRES, AMBER is able to spatially resolve the geometry of the line-emitting region, entering a regime where higher-order geometric effects are probed. Therefore, in the following two sections, we will employ a quantitative modeling in order to interpret the combined spectro-astrometric and spectro-interferometric observations. 
4.2. Model fitting: Keplerian disk Given the indications for a rotation-dominated velocity field provided by our model-independent photocenter analysis (Sect. 4.1), we first test whether a Keplerian velocity field might reproduce our spectroscopic, spectroastrometric and spectro-interferometric data quantitatively.
For this purpose, we employ a Keplerian disk model (v(r) = GM ⋆ /r), which we have already successfully applied to AMBER high spectral dispersion data on the classical Be star β CMi (Kraus et al. 2012b ). The model assumes that the line-emitting gas is optically thin and located in a geometrically thin disk, where the radial intensity profile is parameterized with a power-law (I l (r) ∝ r q ). The gas emission extends from an inner truncation radius (R in ) to an outer truncation radius (R out ), which we parameterize with a Fermi-type function in order to avoid artifical edges (see Eq. 1 in Kraus et al. 2008a , where the width of the truncation region ǫ was chosen to 0.1). In our study on β CMi (Kraus et al. 2012b ), we investigated the DP signatures induced by photospheric absorption and found that even for a relatively extended stellar surface (equatorial radius of 0.36 mas), the induced DPs are < 0.5
• . For V921 Sco, the influence of photospheric absorption is likely ∼ 50-times smaller due to the smaller apparent stellar radius (∼ 0.07 mas) and the significantly larger equivalent width of the Brγ emission line. Therefore, these signatures are about four orders of magnitude smaller than the disk kinematical signatures and can be safely neglected in our modeling process.
As discussed in Sect. 4.1, the elliptical distribution of the derived photocenter vectors might indicate opacity effects, which cause the more distant parts of the disk to appear fainter than the disk parts facing the observer.
In order to include this effect in our model, we assume that the disk is embedded in an medium of constant density. After a distance x traveled, the emitted intensity I 0 is then reduced to I(x) = I 0 exp(−κx). Combining this line-emission model with our best-fit continuum disk+companion model (DISK, Tab. 1) allows us to produce model channel maps (Fig. 7, bottom) , from which we compute line profiles, visibilities, and DPs for comparison with our data (Fig. 7, top) .
As line broadening mechanisms, we include thermal and turbulent Doppler broadening (Piétu et al. 2007 )
where v turb is the turbulent velocity, which is typically negligible for Herbig Ae/Be stars ( 0.5 km s −1 , e.g. Piétu et al. 2007 ). In the disk surface layer, the gas temperature T gas will be significantly higher than the dust For each interferometric baseline, we give the corresponding projected baseline length and PA in the label. In order to make the visibility profiles in the left panel clearly distinguishable, we added an offset of 0.2 to the visibility corresponding to the baseline 46.6m/22 • . Bottom: To illustrate our kinematical model we show channel maps for some representative wavelengths, including the Brγ-line and the continuum emission. The continuum-emitting disk is truncated at a distance of 1.59 mas, while the Brγ-emitting material extends inwards to a few stellar radius ( 0.5 mas). The companion star V921 Sco B is also included in these simulations, but located outside of the FOV in these model images.
temperature at a given stellocentric radius. We assume T gas = 5 T dust , as suggested by the thermally decoupled radiative-hydrodynamics simulations by Thi et al. (2011) , but note that the precise value affects mainly the line width and does not affect our general conclusions (see also Sect. 5.1).
Free parameters in our model are the mass of the central star M A , the inner and outer disk radius (R in , R out ), the radial intensity power-law index q, the disk inclination i, and the opacity index κ.
We vary these parameters systematically on a parameter grid and select the best-fit model with the best χ Remarkably, this simple disk model can reproduce important features in our data, in particular:
(a) Our model can reproduce the double-peaked Brγ-line profile (Fig. 7, 1st panel) reasonably well. One line profile characteristic, which is not reproduced by our model concerns the weak asymmetry observed in Brγ-line profile, with a slightly stronger red-shifted line wing.
(b) Our AMBER observations (Fig. 7, 2nd panel) reveal M-shaped visibility profiles on two of three baselines (36.7m/61
• and 53.4m/89 • ), indicating that the angular extension of the line-emitting region increases for low gas velocities. This effect is expected for a rotation-dominated velocity field, where the azimuthal velocity decreases as function of radius and the visibility profile shape is reasonably well reproduced by our model for these baselines. On the third baseline (46.6m/22
• ), no central visibility drop has been observed. We suspect that this effect is related to more subtle radiative transfer or line broadening effects, which are not included in our simplistic model. The visibilities at low gas velocities (i.e. in the line center) would be most sensitive to such small-order effects and we leave it to future studies using full radiative transfer modeling to investigate this in more detail.
(c) The measured AMBER and CRIRES DPs (Fig. 7,  3rd panel) show very interesting signatures, includ-ing asymmetric S-shaped signatures and V-shaped signatures, which appear sometimes in the blueand sometimes in the red-shifted line wing. These signatures constrain the disk kinematics primarily, but contain also contributions from the continuum photocenter displacement caused by the companion star. Our combined binary star plus Keplerian disk rotation model reproduces the large variety of signatures reasonably well. The strongest residuals between the model and the data are observed at the longest AMBER baselines, where the data is extremely sensitive to small-order kinematical effects, but where the SNR is also reduced due to the lower fringe contrast.
The parameters corresponding to the best-fit model are listed in Tab. 2 and will be discussed in more detail in Sect. 5.2.
We also investigated whether a significant fraction of the Brγ emission might be associated with the secondary star (V921 Sco B) instead of the circumprimary disk, possibly indicating active accretion from the circumbinary disk onto the secondary star. Considering the strong measured displacement of the line photocenter in the direction towards the primary (Fig. 6, right) and the good quantitative agreement of the displacement vector with the flux-weighted binary astrometry vector (Sect. 4.1), it is clear that the secondary is not the dominant Brγ-emitting component. In order to further quantify these constraints, we introduced the fraction of Brγ emission associated with the secondary star to the total Brγ-flux (F B /F tot ) Brγ as an additional parameter in our kinematical model and find that (F B /F tot ) Brγ < 0.11.
INTERPRETATION
5.1. Spectroscopy Our FIRE observations (Fig. 8) reveal a very rich near-infrared spectrum. Similar to the optical spectrum (Borges Fernandes et al. 2007 ), the near-infrared regime is dominated by strong hydrogen line emission. As listed in Tab. 3, we detect 27 lines from the Brackett series (Brγ to Br29), 24 lines from the Paschen series (Paα to Pa24), and at least 10 lines from the Pfund series (Pf14-24). Given that the recombination physics of hydrogen is well known, one can use these line decrements in order to derive information about physical conditions of the line-emitting gas.
In order to model the line flux in the optically thin approximation, we extracted from Storey & Hummer (1995) the line emissivities ǫ ul for Case B recombination for all Balmer (l = 3), Brackett (l = 4), and Paschen (l = 5) hydrogen line transitions (u − l) with u ≤ 25. The line emissivities include collisional transitions, which makes our computation applicable even for relatively high gas densities. Assuming that the emitting gas is isothermal (T = 10, 000 K) and uniformly distributed in the volume V , the received line flux at distance d is then given by
where N e and N p are the electron and proton density per unit volume. In order to approximate the emitting volume V , we estimate from our Brγ spectrointerferometric data the characteristic stellocentric emission radius. For this purpose, we generate a velocityintegrated line map and measure the half-light emission radius to r line = 3.0 mas=3.5 AU (for d = 1.15 kpc).
Assuming that the line-emitting gas is located in a hot disk surface layer with a characteristic scale height h of h/r line = 0.2, as suggested by the thermally decoupled simulations from Thi et al. (2011) , the emitting volume is given by V = πr 3 Brγ · (h/r line ). We employ an iterative procedure, where we start by assuming a low gas density, which is then adjusted in order to reproduce the measured line fluxes.
Then we recompute the line emissivities and repeated the computation until convergence is reached. As shown in Fig. 9 , we require rather high gas densities between N e = N p = 2 × 10 19 m −3 and 6 × 10 19 m −3 , which supports the scenario that the gas is located in a dense disk instead of a low-density halo. For the high-level transitions (u > 16, , the line fluxes can be reproduced well with a single gas density (N e = 6 × 10 19 m −3 ), suggesting that the optical thin approximation is well justified. The low-level transitions (u <= 16, i.e. Paβ-Pa13, Brγ-Br12) and more consistent with densities around N e = 2 × 10 19 m −3 , which might indicating that these transitions originate from more extended disk regions, where the disk surface density is lower. We would like to note that the derived densities depend to some extend also on the assumed gas temperature. Varying the temperature from the assumed T = 10, 000 K to other realistic values (e.g. 5,000-20,000 K), would change the derived densities by a factor of ∼ 2 − 3. Based on our simplistic modeling, the derived density should be treated as an order-of-magnitude estimate and future radiation-hydrodynamic modeling will be required in order to fully exploit the rich information provided by our combined spectro-interferometric and spectroscopic dataset.
It is interesting to compare the derived electron density to the values predicted by state-of-the-art disk models. For instance, for a typical disk around a Herbig Ae star (e.g. AB Aurigae, 2.4 M ⊙ ) with a gas surface density of 10 4 kg m −2 , the predicted midplane gas density is ∼ 6 × 10 17 m −3 (Dullemond & Monnier 2010) at the dust sublimation radius (1.1 AU). Our density measurement of N e = 2...6 × 10 19 m −3 probes similar spatial scales in the V921 Sco disk and is one to two orders of magnitude higher than this value, suggesting that the disk around V921 Sco is exceptionally massive. This result is in line with the study by Henning et al. (1998) , who determined the total gas mass in the millimeter cores around 25 Herbig Ae/Be and FU Orionis stars and measured the highest total gas mass in the core around V921 Sco (M gas = 40 M ⊙ ; core size: 27 × 27 ′′ or ∼ 30, 000 × 30, 000 AU at 1.15 kpc). Observations with our spectroscopic & spectro-interferometric approach on a larger sample of protoplanetary disks will be necessary in order determine whether the derived high gas density indicates an intrinsic property of the V921 Sco disk (possibly due to the young age of the source) or simply reflects the predicted disk surface density scaling law with stellar mass (Σ ∝Ṁ ∝ M 2 ⋆ , Calvet et al. 2004 (Clark et al. 1999 ) and HD 50138 (Jaschek et al. 1992) , or in the LBV η Car (Damineli et al. 1998; Smith & Davidson 2001) . Besides the total of 90 identified lines, we detect in our spectra a few dozen additional, yet unidentified lines and we encourage detailed followup spectroscopic studies in order to investigate the rich chemistry of this source.
Our wavelength range also covers the CO first overtone bandheads between 2.3 and 2.4 µm, which allows us to search for the CO first overtone bandheads, which we detect neither in absorption nor emission. This is particularly interesting, since Kraus (2009) suggested that these lines provide a good diagnostic tool to distinguish between a pre-and post-main-sequence evolutionary phase in B[e] stars. According to her computation, observable 13 CO bandhead emission can only be produced in evolved stars, but should be absent in pre-main-sequence B[e] stars.
Finally, we investigated whether we find indications for variability of the Brγ-line during the ∼ 6 months covered by our CRIRES and AMBER observations. For this purpose, we convolved the CRIRES and AMBER HR-K data to the same spectral resolution and overplot the line profiles in Fig. 10 , finding no indications for variability, neither in line strength nor line profile.
The circumprimary disk
Using a temperature-gradient disk model (DISK), we determine the inner continuum disk radius R in to 1.59 mas. We can compare this value with the expected location of the dust sublimation radius, using the luminosity and distance estimate of Borges Fernandes et al. (2007) , L ⋆ = (10 ± 3) × 10 3 L ⊙ and d = 1150 ± 150 pc. Assuming grey dust opacities and a standard dust sublimation temperature of T subl = 1500 K, the expected dust sublimation radius (including the effect of backwarming from the disk) is R subl = L ⋆ /4πσT 4 subl (Dullemond et al. 2001) , where σ denotes the StefanBoltzmann constant. With the given large luminosity and distance uncertainties, this corresponds to a value of 6.9 ± 1.1 AU or 6.0 ± 1.9 mas, which is considerably larger than the measured inner disk radius of R in = 1.59 mas. Assuming higher dust sublimation temperatures of 2000 K (R subl = 3.9 ± 0.6 AU or 3.4±1.0 mas) also does not solve this discrepancy. Therefore, we conclude that V921 Sco belongs to the group of Herbig Be disks that are "undersized" with respect to the size-luminosity relation (Monnier & Millan-Gabet 2002) , as already discussed by Kraus et al. (2008b) and Kreplin et al. (2012) . Different physical scenarios have been proposed in order to explain this effect, including gas absorption (Monnier & Millan-Gabet 2002) , the emission from gas located inside of the dust sublimation radius (Eisner et al. 2004; Monnier et al. 2005; Kraus et al. 2008a; Tannirkulam et al. 2008) , or the presence of a highly refractive dust grain species (Benisty et al. 2010 ). Multi-wavelength interferometric studies with even longer baseline lengths as well as detailed gas and dust radiative transfer modeling will be required in order to ultimately settle this question. We determine the outer disk radius to ∼ 9.7 mas. How- a These lines suffer from line-blending, which introduces some uncertainty to the derived EW values. b Due to the high K-band continuum flux and line brightness, these lines likely reached the non-linearity regime of the FIRE detector, resulting in an underestimation of the real EW.
ever, this value should be treated as a lower limit, since colder parts of the disk might extend to larger stellocentric radii. We can compare this derived lower limit with theoretical predictions for the disk truncation radius in binary systems. Artymowicz & Lubow (1994) computed the resonance-induced truncation radius for circumstellar and circumbinary disks and predicts the circumprimary disk to be truncated at r/a ∼ 40...20% of the orbit major axis (for a binary mass ratio of 0.3), depending on the orbit eccentricity and disk viscosity parameter. This range agrees reasonably well with our derived value of R out /ρ = 39%. For a detailed comparison, a full orbit determination and mid-infrared and sub-millimeter interferometric observations of the colder material in the outer regions of the circumprimary disk and in the circumbinary gas and dust reservoir will be required.
Both theoretical (e.g. Natta et al. 2001; Dullemond et al. 2001; Isella & Natta 2005 ) and observational studies (Monnier et al. 2006; Kraus et al. 2009a; Benisty et al. 2011) suggest that the inner dust rim in protoplanetary disks has a complicated, possibly puffed-up vertical structure, which can result in an asymmetric brightness distribution.
Interferometric data, such as presented in this study, is able to detect these asymmetries and to constrain the corresponding disk models, in particular using phase-closure capabilities. However, it is clear that the closure phases in our AMBER data are dominated by the signatures of the newly-detected companion, while potential asymmetries due to the vertical disk structure would appear only as secondary effects. Such signatures would appear in particular at long baseline lengths and close to visibility minima, where we also observe some significant deviations from our simple flat disk+companion model (Fig. 5) . However, it would be difficult to constrain these more complex physical models with the current uncertainties on the stellar parameters and the limited available uv-coverage. Therefore, we leave it to future investigations to better constrain the inner dust disk geometry around V921 Sco A. Alternatively, the remaining residuals might indicate the orbital motion of the companion within the five months during which the 2008 AMBER LR-HK data has been recorded (see Tab 1 in Paper I).
Using our kinematical modeling, we show that the velocity field in the disk is in Keplerian rotation (Sect. 4.2) and that the line-emission emerges from a relatively highdensity region (N e = 2...6×10 19 m −3 ; Sect. 5.1), likely in a hot disk surface layer. Between the high-level (u > 16, and low-level tran- sitions (u 16, i.e. Paβ-Pa13, Brγ-Br12), we detect a change of slope in the Paschen/Brackett decrements, indicating that the high-level transitions emerge from highdensity regions closer to the star than the low-level transitions. In our best-fit model (Tab. 2, Fig. 7) , the orientation of the opacity screen is such that the south-western part of the disk appear brighter, which suggests that the north-eastern disk axis is facing towards us (which is also consistent with the orientation of the large-scale bipolar nebula, Fig. 11, A-C) . Arguably the most surprising parameter value in our best-fit model concerns the derived stellar mass. For an assumed distance of 1.15 kpc, we yield best agreement with 5.4 ± 0.4 M ⊙ , which is hardly consistent with the spectral classification 4 and the prediction mass of 9 ± 1 M ⊙ (Borges Fernandes et al. 2007) .
In order to explain this surprising result, we propose two plausible scenarios:
(1) The value of 1.15 ± 0.15 kpc (Borges Fernandes et al. 2007 ) might underestimate the real distance to V921 Sco. This distance has been determined based on the equivalent width of the Na I and Ca II-K interstellar absorption lines and therefore relies on a statistically established calibration. In particular, Lopes et al. (1992) employed the same method (also on the Na I line) and determined the distance to 2.5 kpc. A distance estimate 2 kpc has also been obtained by McGregor et al. (1988) based on optical/near-infrared spectroscopy and photometry. Adopting such a larger distance would result in a stellar mass of 12 M ⊙ (for 2.5 kpc) or 9 M ⊙ (for 2 kpc), which would be more consistent with the spectral classification. (2) The disk might not be associated with the massive (early B-type) star in the system, but orbit around the intermediate-mass (late B-type) companion instead. This would explain the relatively low derived mass, while the massive primary star could still provide sufficient ultraviolet flux to ionize the disk surface layer and the ambient low-density material resulting in the forbidden line-emission. In this scenario, the accretion would occur from the circumbinary disk onto the disk around the late Btype star. The massive primary would rest closer to the center-of-mass and be effectively shielded from mass-infall by the orbiting companion. A similar dynamical configurations seems also plausible for other Herbig B[e]-star binary systems such as MWC 361 A, where the active accretion is clearly associated with the less massive component in the system (Monnier et al. 2006; Alecian et al. 2008) .
In order to distinguish between these scenarios, it will be necessary to accurately measure the flux ratio of the two stars as function of wavelength. Our current measurement yield similar flux ratios between the two stars in the H-and K-band, with some indications that V921 Sco A (i.e. the star associated with the circumstellar material) is of earlier spectral type (Paper I), favouring scenario (1). However, it should be noted that this color measurement is only significant at the 2σ-level ((F B /F A ) H = 0.83 ± 0.15, (F B /F A ) K = 1.18 ± 0.12, Paper I) and might be biased, for instance in case of inhomogeneous extinction towards the two stars. In both scenarios, it is clear that a careful re-evaluation of the spectral classification based on the spectral energy distribution and the spectroscopic diagnostics will be necessary, which, is out of the scope of this paper.
Independent of these uncertainties, we can derive new insights on the evolutionary status of V921 Sco from our constraints on the disk gas velocity field. The decretion disks around post-main-sequence supergiant B[e] stars should exhibit a strong outflowing velocity component (Lamers & Pauldrach 1991) , which is not observed in our data. On the other hand, our observation of a Keplerian rotation profile is consistent with the expected velocity field in a viscous accretion disk (Shakura & Sunyaev 1973) around a pre-main-sequence Herbig B[e] star.
5.3.
On the origin of the Brγ-emission in Herbig Be stars Arguably, the most important advancement provided by our observational data set on V921 Sco is that it allows us to constrain simultaneously the geometry of the circumstellar dust disk and the spatial distribution and kinematics of the hot gas in the system (see Fig. 7 ). Such constraints are important, in particular as earlier spatially unresolved studies have associated the origin of the Brγ-line emission with fundamentally different physical mechanisms, including mass infall (e.g. magnetospheric accretion, gaseous inner disks) and mass outflow processes (e.g. stellar winds, X-winds, or disk winds). For V921 Sco, we find that the Brγ-emitting gas clearly shows a rotation-dominated velocity field and orbits the star in the same plane (ϕ = 145.0 ± 1.3
• , i = 54 ± 2 • , see Tab. 2) as the circumstellar dust disk (ϕ = 145.0 ± 8.4
• , i = 48.8 ± 4
• ), as illustrated in Fig. 11 . On the other hand, Benisty et al. (2010) found for the Herbig Be-star component in the Z CMa binary system that the Brγ-line emission was displaced along the outflow axis, i.e. presumably perpendicular to the disk plane. The axis of the nebula is perpendicular to the plane of the disk discovered on scales of a few milliarcsecond within our interferometric image (D). The black ellipse illustrates the location of the inner continuum disk truncation radius R in , as determined with model fitting (Tab. 1, model DISK). Most of the Brγ-line emission emerges from inside of the dust sublimation radius, as determined with our kinematical model (E), which is constrained simultaneously by the VLTI/AMBER visibilities, VLTI/AMBER+VLT/CRIRES differential phases, and the high-resolution line profile. The image shown here is a color-composite of our model channel maps for gas velocities of -35 (blue), 0 (green), and +35 km s −1 (red). The gas rotation is also revealed in a model-independent fashion by the measured photocenter offsets (F).
duce important features of the measured wavelengthdifferential phases using a magnetospheric disk wind model. These examples, V921 Sco (where Brγ was found to trace orbiting gas in the disk plane), Z CMa (where the Brγ-emitting gas was observed in a bipolar wind), and MWC 297 (where the Brγ-emitting might trace a disk wind), illustrate that the Brγ emission is probably not associated with a single astrophysical process, but can trace both mass accretion and outflow processes, as we have already concluded from our small VLTI/AMBER Brγ-survey with spectral resolution R = 1500 (Kraus et al. 2008b ). Spatially and spectrally resolved observations on a larger object sample will be essential in order to explore under which circumstances the Brγ-line traces a certain mechanism and to determine the relation with spectroscopic diagnostics.
6. CONCLUSIONS In this paper, we have investigated the milliarcsecondscale environment around the B[e] star V921 Sco and constrained the spatial distribution and kinematics of ionized hydrogen gas in the system with a spectral resolution up to R = 100, 000. We summarize our findings as follows:
• Our H-and K-band continuum interferometric images reveal a spatially extended (Gaussian FWHM 7.5 mas) disk-like structure, seen under an intermediate inclination angle of ∼ 48.8 ± 4
• . Using a temperature-gradient model, we determine the dust sublimation radius to 1.59 ± 0.25 mas and find that the apparent disk size increases with wavelength, consistent with an irradiated dust disk.
• Our VLTI/AMBER (R = 12, 000) and VLT/CRIRES (R = 100, 000) observations spatially and spectrally resolve the Brγ-line emission from V921 Sco on sub-milliarcsecond scales. Using a model-independent photocenter analysis technique and our detailed kinematical modeling, we find that the line-emitting gas is located in a Keplerian-rotating disk, which extends down to a few stellar radii. We interpret this finding as strong evidence for the pre-main-sequence nature of the object, since the decretion disks in postmain-sequence B[e]-stars are believed to exhibit a significant outflowing velocity component.
• From our disk kinematical modeling, we derive a mass of 5.4 ± 0.4 M ⊙ · (d/1150 pc) for the central object. Assuming the distance of 1.15 kpc proposed by Borges Fernandes et al. (2007), we find that this mass is too low to be consistent with the early Btype spectral classification, which might indicate that the distance to V921 Sco is probably considerably larger (∼ 2 kpc). Alternatively, the disk might be associated with the less massive component in the system. In this dynamical scenario, the material from the circumbinary disk is accreted onto the intermediate-mass (late B-type) component, preventing significant accretion onto the early B-type star. In any case, a careful re-evaluation of the spectral classification of the components in this enigmatic binary system will be required in future studies.
• Our FIRE observations reveal a rich near-infrared emission line spectrum of permitted and forbidden emission lines (Fe II, [Fe II], C I, He I, O I, N I, Mg II, Al II), but show no sign of CO bandhead emission, which supports a pre-main-sequence nature (Kraus 2009 ).
• From the FIRE spectra, we derive the line flux for 61 hydrogen recombination lines, including transitions from the Paschen, Brackett, and Pfund series. Utilizing the spatial information provided by our VLTI/AMBER spectro-interferometric data allows us to model the line decrements with a hydrogen excitation model and to derive electron densities for the line-emitting gas. The derived high number densities (N e = 2...6 × 10 19 m −3 ) suggest that the disk around V921 Sco is particularly massive, reinforcing the conclusion of Henning et al. (1998) , who derived a total gas mass of 40 M ⊙ for the surrounding millimeter core.
Our combined spectro-interferometry & line decrement modeling approach provides a novel tool to estimate the gas density in the innermost AU of protoplanetary disks. Applying this tool on a larger sample of T Tauri, Herbig Ae/Be, and transitional disks might allow, for instance, to quantify gas depletion as function of disk evolution, or to confirm the expected relations between the mass accretion rate, disk surface density, and stellar mass (e.g. Calvet et al. 2004) .
Furthermore, our study demonstrates the power of combining infrared spectro-interferometry with the technique of spectro-astrometry. Spectro-interferometry is indispensable to characterize the continuum geometry (measurement of the dust disk geometry and, for instance, the detection of companions) and to resolve the detailed geometry and kinematics of the circumstellar gas. On the other hand, spectro-astrometry provides a ressource-efficient and straightforward method to measure first-order kinematical information with very high spectral dispersion in the spatially unresolved regime, providing highly complementary constraints for the interpretation of spectro-interferometric signatures.
